Featured Application: Nanodiscs formed by styrene maleic acid copolymers allow separation of biologically intact protein complexes with native ligands for syst-OMICS analysis.
Progress and Problems in Metabolomics and Lipidomics
Metabolomics involves the detection and quantification of all metabolites in a biological system, while lipidomics focuses on the subset of metabolites that are lipids [8] . The difference is pragmatic, with the lipids being extracted into chloroform and methanol or a similar nonpolar solvent mixture prior to analysis, while most other metabolites are water soluble. The challenge of full coverage is daunting, with over 200,000 structurally diverse metabolites of molecular weight <1500 Da at concentrations that span 12 orders of magnitude and fluctuate over many timescales [9] . Being able to capture rolling snapshots of this chemical diversity is critical for finding biomarkers that respond to stimulation or intervention and mirrors the challenges faced in proteomics.
The MS and nuclear magnetic resonance (NMR) methods play complementary roles in metabolomics and lipidomics analysis, providing high throughput and in-depth information, respectively. Both techniques have made gains in sensitivity although they still report on only a small fraction of the metabolome at a time. Both methods are used for either untargeted approaches to assess the broadest diversity of classes or for targeted approaches that employ protocols to separate metabolites into subgroups. The lipids can be divided into eight major groups; fatty acyls, glycerolipids, glycerophospholipids, polyketides, prenol lipids, saccharolipids, sphingolipids, and sterol lipids [10] . The universe of water-soluble metabolite is much larger and can be divided into over one hundred metabolic pathways. The stabilities of the compounds vary greatly. They change in concentration or composition during not only physiological processes but also purification and sampling protocols. As each can constitute a valuable biomarker if precisely measured, being able to accurately detect the structures and concentrations of a range of metabolites is crucial.
Measuring metabolites is nontrivial as their levels can be perturbed during each stage of sample preparation. The ionization efficiencies of various lipids for MS data collection depends on polar head and fatty acid structures. Due to the many isomeric and isobaric species, such perturbations can be hard to assess using NMR or MS. This necessitates the use of individual standards for each type of lipid as well as controls and detailed annotation of protocols for accurate quantitation and universal validation. Even so, accurately calibrated measurement of the absolute concentrations of pure lipid species in complex mixtures remains elusive.
Clearly, there is an ongoing need for minimally perturbing methods that do not significantly alter metabolite or lipid levels and compositions. Factors to consider for protocols include coverage and recovery, simplicity, reproducibility, cost, and feasibility of scaling. For extremely low-abundance compounds, a method for enrichment is needed, and chromatography has often sufficed. The use of nanoparticles to collect low abundance metabolites for sensitive detection using NMR or MS represents a new opportunity [11] that could be exploited by styrene maleic acid lipid particles (SMALPs). As SMA binds lipids to form nanoparticles, it could potentially be used to obtain information about hydrophobic material in an organelle, biofluid, or environmental solutions. The SMALP system addresses many of the requirements in that no lipid bias is apparent; it provides low-cost, rapid 1-step solubilization into nanodiscs that are compatible with most chromatography systems. Because a 10-20 nm diameter section of membrane is typically captured intact, the original arrangement of contents within the membrane is at least partly retained. By displaying nanodisc arrays on a surface, the contents of each disc could be assessed using MS imaging (MSI) [12] . Moreover, the SMALP systems could potentially be automated for screening protocols, particularly with the tagged polymers that are in development.
An example of a metabolic system that has been studied in SMALPs is the dhurrin biosynthesis metabolon. Like many other processive enzymatic machines, it includes several components which are co-localized in membranes. Isolating the intact metabolon with all components in place is technically challenging, as demonstrated by a sorghum metabolon that produces the glucoside dhurrin [13] . This assembly includes multiple copies of three membrane proteins and a soluble glycotransferase protein. This memtein can be solubilized intact from microsomes using SMA(2:1) to yield 10-25 nm diameter nanodiscs. Conventional detergents such as cholate destroy the integrity of this assembly, while the soluble subunit binds to and modulates the SMALP'd memtein, the activity of which depends on retained negatively charged phospholipids.
Amphipathic Polymers and Nanodisc Formation
A growing family of SMA copolymers are being used to separate membranes into native nanodiscs that retain the original protein:lipid complexes found in cells. These polymers contain sequences of styrene (S) and maleic acid (MA) residues or their derivatives and are activated by hydrolysis of styrene maleimide ( Figure 2 ). The most commonly used ratios of S:MA residues are between 2:1 and 3:1, which provides an optimal balance of hydrophobicity and polarity to allow insertion into bilayers while maintaining solubility and membrane fragmentation activity. The negatively charged MA sidechains provide solubility to the polymers and nanodiscs across the physiological pH range. Addition of the polymer at a critical concentration of around 1% to whole cells or membranes spontaneously yields water soluble nanodiscs that are stable and can be reconstituted after freeze-drying and storage while retaining protein activity [14] . A variety of SMA reagents are available commercially and more are in development. Polyscope (Polyscope, Geleen, Netherlands) offers XIRAN®25010 and 30010 reagents, which have S:MA ratios of 3:1 and 2.3:1, respectively. Hydrolyzed SMA2000 and SMA3000 copolymers from Cray Valley (USA) contain S:MA ratios of 2:1 and 3:1, respectively, and are similar to Lipodisq®reagents. Thus far, the SMA2000 and the XIRAN reagents have been widely used for solubilizing bacterial, fungal, plant, and mammalian membrane proteins that contain anywhere between monomeric and multimeric proteins with 1 to 48 transmembrane α-helices [15] [16] [17] .
The nanodiscs formed spontaneously by adding activated SMA solutions have diameters of around 10 nm, although they can range from 6 to 30 nm depending on the protocol and SMA variant. For example, SMA(3:1) polymer solubilizes liposomes made of synthetic lipids and transfers their contents into 6-10 nm nanodiscs [18] . A fuzzy annulus of polydispersed polymers surrounds an inner patch of bilayer, as seen by small angle neutron scattering (SANS) experiments using hydrogenated and deuterated lipids [19] . The styrenes interact with the acyl tails of lipids as can be evidenced by intermolecular contacts observed using NMR [19] , although the length and sequence polydispersity of current polymers as well as their non-specific interactions with memteins generally limit the experimental resolution.
The mechanism by which SMA forms nanodiscs involves at least two stages ( Figure 1 ). The copolymer attaches to the membrane by nonspecific insertion of hydrophobic styrene rings between the lipid acyl tails while preserving conformations or the protein and directly associated lipid [20] . Above0.a critical concentration, the accumulated copolymer destabilizes and perforates the bilayer, which fragments to form nanodiscs surrounded by a boundary of multiple polymer molecules. The molecular processes involved can be modelled by molecular dynamics simulations, as illustrated by trajectories of SMA(2:1) and SMA(3:1) copolymers as they bind and perforate dimyristoylphosphatidylcholine (DMPC) bilayer and extract lipid patches into nanodiscs [21] .
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There is little or no apparent bias of SMA for solubilization of lipid species, as the styrene groups insert between the acyl tails in the bilayer through nonspecific hydrophobic interactions. However, SMA copolymers preferentially solubilize fluid bilayers and lipids with short or unsaturated acyl chains [29] over highly ordered membrane with tightly packed lipids and proteins [26] . These order specifies for dynamic regimes can be probed by incorporating spin labels [30] . The plasma and intracellular membranes in live cells can be seen to disintegrate with SMA treatment at different rates using fluorescence microscopy [31] . As SMA(2.3:1) encounters the outside of mammalian cells, the plasma membrane is fragmented first, followed by the inner membranes, as seen by the release of fluorescent proteins from cytosolic and organelle compartments. This is consistent with SMA binding initially to the liquid disordered regions before perforating the plasma membrane to allow cytosolic contents to be released. The intracellular membranes are bound and perforated next. Alterations in the length or concentration of polymer, temperature and inclusion of exogenous lipids such as DMPC provide ways to progressively liberate memteins from outer and inner membrane compartments into SMALPs [20] . These avenues could conceivably be exploited for progressive release of proteomes from compartmentalized intracellular layers or fragmentation and affinity-purification of distinct organelle or membrane microenvironments [32] .
SMA Polymer Derivatives
The fields enabled by native nanodiscs are evolving through the emergence of new polymers to improve performance and enable new applications. A growing family of polymers that spontaneously fragment membranes into discs have been designed and tested (Figure 2) . A systematic comparison of twelve SMA polymer types and conditions for solubilization of intact photosynthetic systems from spinach thylakoid membranes indicated those that best retain the activity and subunit composition based on chlorophyll fluorescence emission spectra, native gel electrophoresis, and immunoblotting. This narrowed the field to five that were most efficient in this case, including SMA 1440, XIRAN 25010, XIRAN 30010, SMA PRO10235, and SMA 1735, and suggests room for further optimization. Improvements to simplify separation and detection of the multiple transmembrane assemblies were found including detachment of peripheral membrane proteins by varying buffer conditions [33] .
Specific derivatives have been synthesized to enhance functionality and operational range of polymers under a wider pH range and cation concentrations. This allows production of stable disks of different sizes, allowing larger memteins to be solubilized and stored. The maleic anhydride group can be modified, allowing addition of various moieties. An ethanolamine group was added to a SMA(1.3:1) polymer having an M n of 1.6 kDa, the resulting SMA-EA polymer solubilizes liposomes over a wide range of pH, temperature, salt, and cation levels to produce nanodiscs of diameters between 10 and 50 nm [34, 35] . The solution state NMR spectra of 15 N labelled cytochrome b5 protein in SMA-EA discs display well-resolved signals indicating a folded state. When lanthanide ions such as Yb 3+ are added the SMA-EA discs align with external magnetic fields, allowing transmembrane helix tilt angles to be measured using solid-state NMR. An ethylenediamine group was attached to the SMA(1.3:1) to produce the zwitterionic polymer SMA-ED, which solubilizes vesicles below pH 5 and over pH 7 [36] . This polymer can be dehydrated to yield the maleimide form SMAd-A, which also solubilizes DMPC vesicles at pH values below 6 where its amine group is positively charged. Both ethylenediamine-modified forms are effective solubilizers in high salt and divalent cation concentrations. These studies extend the range of conditions for solubilizing membranes by SMA-type polymers and allow virtually any membrane to be turned into nanodiscs. cells or membranes spontaneously yields water soluble nanodiscs that are stable and can be reconstituted after freeze-drying and storage while retaining protein activity [14] . A variety of SMA reagents are available commercially and more are in development. Polyscope (Polyscope, Geleen, Netherlands) offers XIRAN® 25010 and 30010 reagents, which have S:MA ratios of 3:1 and 2.3:1, respectively. Hydrolyzed SMA2000 and SMA3000 copolymers from Cray Valley (USA) contain S:MA ratios of 2:1 and 3:1, respectively, and are similar to Lipodisq® reagents. Thus far, the SMA2000 and the XIRAN reagents have been widely used for solubilizing bacterial, fungal, plant, and mammalian membrane proteins that contain anywhere between monomeric and multimeric proteins with 1 to 48 transmembrane α-helices [15] [16] [17] . [20] , SMA-EA [34] , SMA-ED, SMAd-A [36] , SMA-QA [37] , SMI [38] , SMA-SH [43] , zSMA [39] , DIBMA [40] , APAA [42] , and PMA [41] . The non-polar sidechains are colored green.
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Positively charged versions of SMA are also effective at solubilizing membranes into nanodiscs. The addition of a quaternary functional group to SMA(1.3:1) yields a cationic version that fragments vesicles into nanodiscs with diameters in the range of 10-30 nm depending on the ratio of added DMPC. This SMA-QA polymer is an effective solubilizer at pH values between 2 and 10 and tolerates high metal concentrations [37] . The incorporation of a positively charged group in styrene maleimide polymers yields nanodiscs from membrane at pH values below 7.8 and even in high concentrations of divalent cations [38] . Their discs have diameters of 6 nm and are stable up to 80 • C. The ZipA protein plays a role in bacterial cell division and purified well in SMI-based nanodiscs with yields that are only slightly reduced compared to those in the case of SMALPs. The human adenosine A 2A receptor solubilized in SMI nanodiscs is able to bind ligand normally. The availability of both anionic SMA and cationic SMI copolymers to solubilize membranes free of detergent allows comparative proteomic studies of acidic or basic membranes. Moreover, the activities of these variants can be compared to minimize undesirable nonspecific electrostatic interactions.
The addition of a phosphatidylcholine (PC) lipid headgroup to form zwitterionic "zSMA" copolymers has been explored [39] . These lack MA groups and are not technically SMA polymers but still solubilize membranes into nanodiscs of diameters 10-30 nm. The absence of carboxylic acid groups provides compatibility with a broad range of solution conditions such as low pH and high polyvalent cation concentrations.
An alternative copolymer with diisobutylene and maleic acid residues termed DIBMA lacks the styrene groups. It enables very mild fragmentation of membranes and is well suited to placing labile protein complexes and large memteins in nanodiscs with diameters of 12 to 29 nm [40] . An advantage of DIBMA over SMA polymers is their lack of a styrene-based signal in ultraviolet (UV) and circular dichroism spectra.
Similarly, a series of 25 polymethacrylate (PMA) copolymers, based on a distinct backbone with varying ratios of hydrophobic and cationic chains, were synthesized to replace the ultraviolet light-absorbing styrene group [41] . Nanodiscs with 17 nm diameter and 5.5 nm thickness could be formed from DMPC vesicles with members of this series, and their fragmentation of bacterial membranes yielded~100 nm diameter particles based on electron microscopy analysis.
The effect of varying the hydrophobic group was further explored with a set of alkyl polyacrylic acid (APAA) copolymers [42] . Both the copolymer concentration and inclusion of butyl, pentyl, or hexyl sidechains influence the diameters of resulting nanoparticles, which range from 7 to 17 nm. All could solubilize DMPC vesicles at pH values over 6.5, with slight differences in divalent cation sensitivities and gel to liquid crystalline phase transition temperatures. A high yield of total membrane proteins comparable to SMA(3:1) could be obtained with the longest, hexyl chain variant. This augments the structure-activity relationship information available for these amphipathic copolymers, paving the way for further optimization of polymers for solubilizing membranes with specific protein targets or proteome-level analysis.
The functionalization of SMALPs has been demonstrated by addition of thiol groups to the MA sidechains. In particular, the SMA-SH polymer contains an amino-mercapto-ethane group to which fluorescent dyes or molecular tags can be conjugated [43] . This allows affinity purification and fluorescence detection of the nanodiscs once biotin tags or Alexa Fluor 488 groups are attached here. This offers methods to readily purify and observe nanodiscs containing endogenous proteins.
Membrane Proteins in SMALPs
At least 40 different membrane proteins expressed in bacterial, yeast, insect, and mammalian cells have been solubilized using SMA for detailed biochemical analysis. Entire lipid rafts can be solubilized intact using SMA with no detergent exposure, allowing the protein:lipid bilayer patches to be examined. The solubilization of T cell membranes by addition of SMA(3:1) at 1% (w/v) yields >250 nm sized fragments that can be immunoprecipitated to isolate those with Src family kinases and glycosylphosphatidylinositol-anchored proteins [44] . These "raft" nanodiscs are the largest observed to date and contain ordered lipids including an excess of cholesterol, phosphatidylserines, sphingomyelins, ceramides, and monohexosylceramides compared to~20 nm nanodiscs, which contain relatively more phosphatidylinositol, phosphatidylglycerol (PG), phosphatidylcholine (PC), and phosphatidylethanolamine (PE) lipids. Thus, SMA provides a detergent-free approach to solubilize both large lipid rafts and smaller nanodomains with distinct groups of lipids and compare those associated with specific transmembrane proteins.
Structures of diverse memteins in SMALPs have been solved using various high-resolution methods, indicating the potential feasibility of the SMALP approach for membrane proteomics. Several notable recent reports are discussed below to illustrate the potential of the technique and build on dozens of earlier studies of expressed and endogenous proteins solubilized in SMA for structure-function analysis.
The preparation of the multidrug exporter AcrB in SMA2000 yielded a structure of the asymmetric trimer at 3.0 Å resolution [45] . Its detergent-free purification from Escherichia coli membrane involved single-step metal affinity chromatography of the SMALPs which could then be directly applied to grids to collect cryo-EM data. Unlike detergent approaches, this reveals the intact memtein, which is 12 nm in diameter. It contains 31 visible lipids around the protein trimer, which is 9 nm in diameter.
The native lipid bilayer is highly organized with 24 lipid molecules engaging protein residues and being packed into hexagonal arrays within the inner leaflet and an ordered irregular array in the outer leaflet (Figure 3) . Although the polymers and lipid headgroup identities are not discernible, the development of more homogeneous polymers is likely to improve resolution further.
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Top and side views of high resolution cryo-EM structure of trimeric wild-type AcrB (gray, green, pink subunits) and associated lipids (yellow) in SMA2000 nanodiscs (EMD-7074, PDB ID 6BAJ) [45] . The central cavity is filled with 24 triangular-like core lipids.
The largest SMALP-based structure is that of the Alternative Complex III (ACIII) supercomplex, which was resolved at 3.4 Å resolution using cryoEM [17] . This study used SMA3000 as well as XIRAN 25010 to prepare functional complexes of this 464 kDa memtein and revealed the positions of acylated residues mediating photosynthetic electron transport as well as multiple phospholipids haem groups and iron-sulfur clusters. The SMALP contains this entire 9 × 13 nm assembly with its 6 protein subunits, 48 transmembrane helices, and accessory cytochrome c oxidase within a shell of native lipid that were extracted together from the membrane. This demonstrates the adaptability of the SMA nanoparticles, which is shown to conform to the irregular dimensions of membrane protein multimers.
The G protein-coupled receptor (GPCR) superfamily includes many valuable targets for drug discovery. The first 3D structure of a seven transmembrane helix protein that had been extracted with SMA(3:1) was elucidated using XRD at 2.0 Å resolution, which is better than that of detergentextracted protein in crystals [28] . The seven transmembrane helices of this microbial rhodopsin protein are arranged in a trimer that binds trans-retinal as well as monoolein molecules which were Figure 3 . Top and side views of high resolution cryo-EM structure of trimeric wild-type AcrB (gray, green, pink subunits) and associated lipids (yellow) in SMA2000 nanodiscs (EMD-7074, PDB ID 6BAJ) [45] . The central cavity is filled with 24 triangular-like core lipids.
The G protein-coupled receptor (GPCR) superfamily includes many valuable targets for drug discovery. The first 3D structure of a seven transmembrane helix protein that had been extracted with SMA(3:1) was elucidated using XRD at 2.0 Å resolution, which is better than that of detergent-extracted protein in crystals [28] . The seven transmembrane helices of this microbial rhodopsin protein are arranged in a trimer that binds trans-retinal as well as monoolein molecules which were used to prepare the lipidic cubic phase for in meso crystallization. Bound bacterial lipids could not be resolved, presumably due to their displacement by the excess monoolein molecules. A heterotetrameric GPCR complex that recognizes the growth hormone secretagogue and dopamine can be solubilized using SMA (2:1) and binds to G proteins [46] . The adenosine receptor expressed in Pichia pastoris or HEK Appl. Sci. 2019, 9, 1230 9 of 15 293T cells retains ligand binding and stability after extraction with SMA(2:1). Moreover, after storage and freeze-thawing in SMALPs it remains stable seven times longer than in detergent preparations [14] . Solubilization of the melatonin and ghrelin receptors from Pichia pastoris membranes or liposomes with SMA(2:1) or SMA(3:1) yields 13 nm diameter nanodiscs that retain ligand binding and signal transduction activity [47] . The cannabinoid receptor 1 expressed in insect cells retains its native fold once solubilized with SMA(2:1) based on recognition using conformationally specific antibody in surface plasmon resonance experiments [48] . Moreover, this SMALP'd GPCR is stable and active in yeast and mammalian display formats using fluorescence-activated cell sorting (FACS) even after repeated freeze-thaws. It could be used for screening of libraries of proteins to select for those with enhanced ligand affinity, stability, or potential for targeting membrane protein, demonstrating the potential of the approach for screening for novel biologics.
Full length ion channels have been solubilized using SMA(3:1) to reveal the intact pores and symmetric tetramers using negative stain EM [49] . The human hKCNH5 and hKCNQ1 α-subunits of the human neuronal and cardiac voltage-gated potassium (Kv) channels as well as the regulatory transmembrane KCNE1 β-subunit were SMALP'd from mammalian COS-1 cells and showed better behavior than detergent solubilized forms, being more stable and easier to concentrate without aggregation. The channels are oriented randomly on EM grids, displaying orientations with dimensions in the range of 12-15 nm within the discs. Electron paramagnetic resonance (EPR) studies of a spin-labeled KCNE1 protein solubilized in SMA(3:1) nanodiscs show that sidechains in the aqueous phase are more flexible than those inside the bilayer [50] . This report showed that use of SMA can increase the signal to noise and phase memory time in double electron-electron resonance spectra to yield improved distance measurements.
The tetraspanin superfamily represents a technically challenging group of membrane proteins to study because of their small size, oligomerization, multiple disulfides, and glycosylation and palmitoylation groups, as well as the lack of many biochemical assays. Fifteen human tetraspanins were expressed in S. cerevisiae, and the five highest yield proteins were solubilized by three different SMA copolymers. The yield of TSPAN7 was comparable to conventional detergents, while CO-029, TSPAN12, and TSPAN18 yields were higher in detergents, and CD63 was resistant to any approach [51] . The variable expression levels and organized superstructure of such proteins emphasize the need for further development of tools for extraction and purification of low abundance memteins and efficient dispersal of very large, ordered networks.
NMR studies of SMALPs reveal the structures, dynamics, and interactions of contained transmembrane proteins. The Pf1 bacteriophage coat protein forms stable helical structures in magnetically-oriented 30 nm nanodiscs that are formed with SMA(3:1) [52] . They display sharper NMR signals than those which are obtained in bicelles or peptide-based nanodiscs. The NMR signals of cytochrome b5 protein within magnetically aligned~50 nm nanodiscs made of SMA-EA reveal a stable transmembrane helix [34] . The 34 kDa zinc diffusion facilitator CzcD solubilized with XIRAN 25010 or XIRAN 30010 into 10-15 nm nanodiscs maintains a boundary of bound lipid [53] . The SMALPs display resolvable NMR signals for amide or methyl groups, and NMR assignments can be transferred between solid and solution states. Solving NMR structures of novel proteins in SMALPs remains difficult due to the polydispersity of the non-alternating SMA polymers, which could be addressed by the synthesis of more homogeneous polymers.
The mitochondrial cytochrome c oxidase expressed in Saccharomyces cerevisiae has been solubilized using SMA(3:1) to form 12 nm nanodiscs that also contain biological source lipids and display the native ligand binding and reaction kinetic properties [54] . The SMALP'd memtein include two additional respiratory supercomplex factors which are weakly bound and dissociate upon detergent extraction [55] . The entire assembly has dimensions of 11 by 14 nm, including the entire supercomplex of 11 protein subunits and mitochondrial lipids that together pump protons across membranes.
The holo-translocon assembly that secretes proteins through bacterial inner membranes includes SecYEG, SecDF, YajC, and YidC subunits. These are solubilized along with bound lipids from membrane using SMA(2:1) treatment and can be recognized by specific antibodies [56] . The native SecYEG translocon complex solubilizes with the motor protein SecA and essential biological lipids upon SMA(3:1) exposure, while conventional detergents do not maintain the complex [57] . This assembly was moved into proteoliposomes using Bio-Beads and displayed its abilities to translocate transmembrane proteins and engage the ribosome. These examples illustrate some of the successful characterizations of memteins in nanodiscs. However, not all are as easy to purify and maintain in active forms, motivating further studies on maximally efficient polymers that are minimally interactive with proteins.
Lipids in SMALPs
The design of SMA as an effective mild solubilizer of virtually any lipid bilayer or memtein relies on the short styrene sidechains which insert into hydrophobic material [20] . The specific lipid species bound to proteins in SMALPs can most easily be identified using MS. This was demonstrated for SMALP'd insect cell membranes containing the equilibrative nucleoside transporter-1 (hENT1). This protein solubilizes with 16 PC and 2 PE molecules but no polyunsaturated lipids based on electrospray ionization (ESI) MS data [58] . To prevent protein degradation and inactivation, the XIRAN 30010 polymer had been added at a relatively low concentration (0.25% w/v) along with cholesteryl hemisuccinate at low temperature. The resulting protein in nanodiscs shows the predicted inhibitor binding activity, in contrast to protein solubilized in decyl maltoside.
The phospholipids which co-extract with three bacterial membrane proteins can be determined using LC-MS/MS methods [59] . SMA copolymer does not preferentially solubilize any specific types of phospholipids from the membrane, and thus is suitable for unbiased detection of protein-bound phospholipids. The ZipA and PgpB proteins contain 1 and 6 transmembrane helices, respectively, and bind similar ratios of various phospholipids, with higher levels of monounsaturated PE and PG species. In contrast the membrane associated protein FtsA bound preferentially to a distinct profile of PE and PG lipids, presumably as it only inserts part of the way into the inner leaflet of the cytoplasmic membrane.
The GlpG rhomboid proteases from Escherichia coli and Vibrio cholerae have been solubilized using DIBMA, SMA(3:1), and SMA(2.3:1), and their yields and activities compared [60] . Native-like protease activities and high stabilities were found after purification with SMA(3:1) and DIBMA but not with conventional detergents. GlpG binds a variable number of about 50 phospholipids of different chain lengths and degrees of saturation depending on the cell type and temperature based on electrospray ionization and collision-induced dissociation MS data [61] .
While the polydispersity of synthetic polymers such as SMA allows a large range of lipids and proteins to be solubilized effectively, this also poses technical issues for MS analysis of SMALPs and multimeric proteins. In particular, the broad range of polymer masses, stoichiometries, and nanodisc diameters can lead to a peak broadening of the assemblies when analyzed using MS. Moveover, the voltages in ESI-MS experiments may be insufficient to release the contained protein from strong interactions with lipid sheets inside the SMALP. This is being addressed by laser-induced liquid bead ion desorption (LILBID) MS, which allows nanodiscs to be transferred within 50 µm diameter droplets that experience soft or hard laser pulses. This results in detection of memteins that can be progressively dissociated in their component lipid-bound subunits, as demonstrated by the GlpG monomers, KtrB potassium channel dimers, and AcrB trimers [62] . This approach allows novel multimeric states to be resolved, including the monomeric and dimeric states of the sodium-solute symporter and KimA proteins, suggesting wider utility.
Conclusions
These studies and many others document the attractive option that SMA polymers present for solubilizing a wide diversity of memteins, including those monomers and multimers that are unstable, low abundance, or lipid-dependent. The advantages include the solubilization of intact complexes of proteins and lipids as found in vivo, a feat not afforded by other methods. The breadth of solution conditions including wide ranges of pH, salt, and metals allows new targets to be solubilized. The challenges include nonspecific binding to some surfaces and proteins, which can compromise yield and activity in some cases. The polydispersity is helpful for extracting diverse arrays of memteins but is a challenge for high resolution structural analysis. The heterogeneity of disc sizes also poses challenges, with structure-function studies emerging to help design discs of defined dimensions and dynamics. Quantitating polymer concentrations remains challenging, although fluorescent tags are being developed. Polymer affinity tags and columns that allow endogenous memteins to be purified rapidly and easily are needed. Such tags could also be used in high throughput systems and biophysical assays. The tools with which SMALPs can already be studied include size exclusion chromatography, cryoEM, EPR, MS, NMR, SANS, SPR, and XRD, suggesting applicability to proteomics and lipidomics analysis. A growing body of experimental data on memteins combined with structure-activity relationships and modelling of nanodiscs is accumulating. This is informing the design of next generation polymers to increase resolution, broaden conditions, and incorporate fluorescent and affinity tags to allow detection and purification of endogenous complexes. Together, this promises to open up an even wider range of applications and mechanistic insights into biology in its many dimensions. 
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